Time series observations at UV (Extreme Ultraviolet Imaging Telescope/Solar and Heliospheric Observatory) and X-ray (Soft X-Ray Telescope/Y ohkoh) wavelengths reveal properties of the global solar corona that are not easily identiÐed in a single image. A median-Ðltering technique that rejects features varying with time is used to isolate background corona. The coronal hole boundaries, polar plumes, and polar rays in the inner corona are clearly seen in Extreme Ultraviolet Imaging Telescope data over 5 months during the last solar minimum (1996 January through May). For the Ðrst time, we provide physical evidence for coronal hole boundaries in the inner corona. The observations show clearly that the polar coronal holes expand divergently with height. A simple latitudinal and radial electron density distribution for the inner corona is found.
INTRODUCTION
The existence of polar coronal holes (PCHs) has been known for a long time. They have low electron densities and low temperatures and are associated with the high-speed solar wind (see Axford & McKenzie 1997) . However, the PCHs are very faint and are easily contaminated by bright plasma from active regions and streamers. For these reasons, it is difficult to be sure that PCH properties have been accurately measured. On the other hand, the properties of the inner corona have been studied intensively in white light during solar eclipses and with white-light coronagraphs outside eclipse (see Koutchmy et al. 1991) . Most studies at X-ray wavelengths have concentrated on active regions (see Uchida et al. 1992) . Studying the global inner corona, using all available observations from white light, X-ray, and UV wavelengths, may be important for understanding the origin of slow and fast solar wind (Noci 1996) , solar wind acceleration, and the coronal heating process.
The coronal electron density is often derived from the polarization brightness (pB) observed using white-light coronagraphs. The weak white-light radiance in the coronal holes introduces considerable uncertainty in the determination of density from pB. For example, the threedimensional electron density in the polar holes was found to vary with both height and colatitude using the white-light coronagraph aboard Skylab (Munro & Jackson 1977) . However, Guhathakurta & Holzer (1994) reanalyzed the same Skylab data and found that the polar electron density varies only with height. White-light observations are of limited value for determining the polar hole structure.
Measurements of the coronal hole expansion rate have also proved controversial. Coronal hole superradial expansion means that the angular width of the polar holes increases with height. This has been seen by various whitelight coronagraph observations (Munro & Jackson 1977 ; Guhathakurta et al. 1999) . A superradial geometry was also interpreted from H I Lya and O VI emission lines, using Ultraviolet Coronagraph and Spectrometer/Solar and Heliospheric Observatory (UVCS/SOHO ; Cranmer et al. 1999 ; Dobrzycka et al. 1999) . A di †erent conclusion was reached by Woo & Habbal (1997) when they studied the extended coronal hole boundary by comparing Ulysses radio occultation measurements between 20 and 32 R _ with Mauna Loa K-coronameter data. They concluded that the coronal hole boundaries extend into interplanetary space radially instead of divergently.
The special feature of our work is to reveal the background inner corona (from 1.0 to 1.15 using time series R _ ) observations made by spacecraft at UV and X-ray wavelengths. Time series observations allow us to remove contributions from active regions so that we can study the nature of the coronal holes and the background corona with reduced confusion from these extra sources. The images taken with the Extreme Ultraviolet Imaging Telescope (EIT ; et al. 1995) on board SOHO show DelaBoudinie`re PCHs relatively well. Limb synoptic coronal images made with EIT reveal properties of the corona not easily identiÐed from a single image. We derived the spatial variation of the emission measure (EM) and electron temperature (T e ) with height and azimuth. Combining observations made by EIT and soft X-ray telescope (SXT), we determine the temperatures and densities not only for equatorial regions, but also for the polar holes. For comparison with the UV and X-ray data, we also reduced white-light coronagraph data made with MK-III/High Altitude Observatory (HAO) for the same period (from 1.12 to 1.32 R _ ). Section 2 is devoted to a description of the data analysis. Section 3 describes the coronal background features observed with EIT and SXT. Section 4 provides a dis-Vol. 538 cussion of the electron density distribution and models. Section 5 discusses some key points that are raised by this work. The summary of results is found in°6.
DATA ANALYSIS
We chose to study data taken during 1996 (corresponding to solar minimum) because the polar holes and equatorial regions are well separated at this time. We collected every available image taken with EIT/SOHO and SXT/Y ohkoh from 1996 January through May. The EIT and SXT data reveal many coronal structures. The 5 months of data allow us to measure the background corona by rejecting time-variable features. (S/N) data, EIT provides a new approach to the study of faint features on the Sun, including the polar coronal holes.
EIT
EIT data are stored in CD-ROMs and can be found through the SOHO Data Archive World Wide Web site.1 We used level 0 Ðles that were Ñat-Ðelded, degridded, exposure timeÈnormalized, and Ðlter-normalized using an interactive data language (IDL) routine (eit -prep) installed in SolarSoftWare (SSW).
Very few quantitative analyses with EIT data have been published to date (Moses et al. 1997 ; Aschwanden et al. 1999) . We used EIT standard routines to obtain temperatures and emission measures, using the EIT e †ective area with the CHIANTI (Dere et al. 1997) atomic database under the isothermal assumption. To check the derived temperatures and emission measures, we compared them with the measurements provided by Moses et al. (1997) for EIT data on 1996 May 12. Three coronal features (plumes, coronal hole, and X-ray bright points) were considered by Moses et al. (1997, Table 4 ) for quantitative analyses. The temperatures of all three features measured in our analysis are lower by about 25% than the numbers given by Moses et al. (1997) . To check our measurements of emission measures from the 171/195 ratio, we compared our results A with those measured by T RACE (Lenz et al. 1999 ) for four loop systems in 1998 July. We found that our emission measures at the coronal base were 25% higher than the ones measured by T RACE. This systematic di †erence was probably caused by detector sensitivity calibration and Ñat-Ðeld variation with time and is small enough to ignore for the present work.
Limb synoptic maps were made from the calibrated data. In each EIT image, the emission signals were extracted from sectors around the solar limb (typically, each sector is 3¡ in latitude and 0.03 in radius) as a function of polar angle R _ and height. Six sectors along the radius from 1.0 to 1.15 R _ were extracted. The azimuthal emissions were then aligned in time to form a limb synoptic map (Figs. 1a and 1b) . To study the coronal background, we calculated median signals at each polar angle so that the time-variable features were removed. Figures 2a and 2b show the median-Ðltered latitudinal intensities in the EIT 171 and 195 bandpasses, A respectively. The polar angle is measured from the northern pole counterclockwise. The curves show emission at 1.0, 1.03, 1.06, 1.09, 1.12, and 1.15 from top to bottom. In R _ Figure 2a , the circles mark the minimum emission at the boundaries and the asterisks mark the maximum emission inside the PCHs. The maxima and minima were found automatically, using a computer program. 
SXT
The analysis procedure for SXT data was very similar to that for EIT. The SXT temperature diagnostic is given by the AlMg/Al.1 Ðlter ratio. However, special caution was taken since SXT emissions were much fainter than EIT signals during solar minimum. All full-frame images taken during 1996 January through May were processed for dark current subtraction ; removal of scattered light, cosmic rays, and bad pixels ; registration of images ; and vignetting correction, using the SXT standard IDL routine (sxt -prep). The alignment between Al.1 and AlMg images is important for derivation of temperatures and emission measures (Siarkowski et al. 1996) . For the best alignment, 278 image pairs were found with time separations of 2.88 minutes or less. The latitudinal emissions were extracted with a sector size of in latitude and 0.05 in radius, sizes larger 5¡ .625 R _ than those used for EIT data. The median latitudinal emission was obtained by median-Ðltering intensities from the 278 images at each polar angle. The results of such medianÐltering are shown in Figure 4a for the Al.1 Ðlter and Figure  4b for the AlMg Ðlter. The signal-to-noise was enhanced in polar hole regions, and the inÑuence of active regions was reduced at lower latitudes (note that the data numbers measured near active regions were about 5 or more times higher than the maximum median data numbers shown in Fig. 4a ). Even though the S/N is enhanced in the polar holes by median Ðltering, it is still hard to obtain meaningful temperatures and emission measures from SXT because of the low signal strength. In addition, a pinhole in the Al.1 Ðlter located between polar angles 150¡ and 170¡ was not totally eliminated by the standard data procedure (see Fig. 4a ). It greatly a †ected our measurements of and EM at the T e south polar hole. Therefore, we derived only the average T e and EM for the equatorial regions. Because the uncertainties caused by statistical errors are much smaller than systematic ones caused by the use of di †erent plasma models, we estimated uncertainties with di †erent models. Firstly, the and EM were derived from the SXT standard T e routine (Mewe, Gronenschild, & van Oord 1985 ; Lemen, & van den Oord 1986). Then, they were derived using the plasma model proposed by Raymond & Smith (1977) . In this model, the elemental abundances were based on the measurements from UVCS (Raymond et al. 1997) and Solar Ultraviolet Measurement of Emitted Radiation (SUMER ; Feldman et al. 1998 ) with allowance for the First Ionization Potential (FIP) e †ect in the corona (see Li et al. 1998) . Table 1 represents the derived temperatures and emission measures and their uncertainties for equatorial regions.
2.3. Mark III The Mark III K-coronameter (MK-III) was designed to measure the brightness of the K corona caused by electron scattering. The observed signals are calibrated to pB, which is proportional to electron density (see Munro & Jackson 1977) . We initially used all calibrated MK-III images between 1996 January and May to calculate the average pB variation with polar angle at heights ranging from 1.12 to 1.32
The statistical uncertainties are about 35% at 1.12 R _ . However, we found that the pB signal dropped about R _ . 40% over heights 1.12 to 1.17 from 1996 April through R _ May. Because this sudden drop is incompatible with all other solar data taken at this time, we concluded that this was probably due to an instrumental problem and it was the source of large uncertainty. We abandoned the data taken after day 96 (3 April), and the uncertainty in pB was reduced to about 15%. Figure 5 shows the latitudinal pB distribution with heights at 1.12, 1.17, 1.22, 1.27, and 1.32
Each sector has the same size as was used with SXT R _ . data. The pB data have been median-Ðltered over 96 days. The diamonds represent the coronal hole boundaries found by measuring the locations where intensities rise dramatically from coronal hole to equatorial regions. The measurements were carried out independently several times in order to estimate the uncertainties with boundary positions. Comparing with EIT data, the pB show very little structure inside the polar holes.
CORONAL BACKGROUND FEATURES OBSERVED WITH EIT AND SXT
Before we explore the background coronal electron density distribution, we describe some signiÐcant features in the inner corona that can be observed directly from the EIT and SXT data. These features are clearly seen during the solar minimum, and they were not associated with prominent and time-variable regions such as active regions and bright streamers.
Centrally peaked emission in the polar coronal holes.È One of the most striking features of the time series images (Figs. 1a and 1b) is the centrally peaked emission in the polar holes. This structure is further revealed in Figure 2a , which shows intensity versus polar angle for six heights in the corona. We noticed that the centrally peaked coronal hole structures were also recorded by others (for example, Figs. 7 and 8 of Guhathakurta et al. 1992 ; Fig. 2 of Woo et al. 1999 ; Fig. 2 of Woo & Habbal 1999) . However, it is difficult to prove from a single image that this polar hole structure is a general feature because of the low signal-tonoise ratio and contamination by time-variable structures in the corona. Its appearance in the medianed proÐles shows that it is a real feature of the polar coronal holes.
Coronal hole boundary.ÈThe boundaries are most clearly seen in Figure 1a . They appear as dark bands on both sides of the polar holes. They have the lowest intensity (marked with circles in Fig. 2a ) and emission measures (Fig. 3a) of the entire corona. In Figure 6 , the coronal hole half-widths measured from EIT (circles) and MK-III (diamonds) are plotted against the distance from the Sun. geometry of the coronal hole model made by Kopp & Holzer (1976) and with measurements by Dobrzycka et al. (1999) using H I Lya and O VI line intensities with UVCS/ SOHO. However, Woo & Habbal (1997 and Woo et al. (1999) found no superradial expansion. We are not sure of the reason for the di †erent results. The discrepancy may be due to the indirect observations of the PCH boundaries in the work by Woo & Habbal (1997 , in which the boundaries in the low corona were extrapolated from radio occultation measurements around 20 to 30 and then R _ were conÐrmed by white-light coronagraph observations around 1.15
The boundaries are directly determined R _ . with UV and X-ray images in the current work.
Polar plumes.ÈPolar plumes are clearly seen in Figure  1a . They consist of a bright network in the polar hole regions. In a single EIT image, they appear as spatially Ðne raylike structures leading from the polar holes into interplanetary space (De Forest et al. 1997) . Polar plumes never cross the coronal hole boundaries. Guhathakurta, Fisher, & Strong (1996) described two types of polar coronal rays. One of them is cool, with temperatures (0.7È1.3) ] 106 K. They are the dominant features of the polar corona during the solar minimum. It is clear that the cool rays described in Guhathakurta et al. (1996) are the polar plumes in Figure  1a . Because the raylike plumes are more numerous along the line of sight at the center of the polar hole than at the edge of the hole, they are probably the cause of the centrally peaked emission in the polar holes.
Polar rays.ÈPolar rays are shown in Figure 1b . They appear to be inclined bright patches across the polar holes. The fact that their polar angles decrease with time indicates that they are bright streamers projected on the plane of the sky as the Sun rotated. Because the solar rotation axis was tilted away from the Earth during 1996 January through May (it reached maximum inclination on 1996 [7¡ .24 March 4), we observed strong projection e †ects around the northern PCH when the streamers rotated to the front side of the Sun and around the southern PCH when the streamers rotated to the back side of the Sun. These bright streamers are di †erent from polar plumes in origin. They are at high latitude, outside the polar holes. They project across and cover the coronal hole boundaries, sometimes making the boundaries invisible on a single image. The fact that they are more visible in Figure 1b (195 Ðlter, which A measures plasma temperature around 2 MK) than in Figure  1a (171 Ðlter, which measures plasma temperature about A 1.3 MK) indicates that they have higher temperatures than the polar plumes. They correspond to the second type of polar rays described by Guhathakurta et al. (1996) , with temperatures ranging from 1.8È2.6 ] 106 K.
Equatorial regions.ÈActive regions are clearly displayed in Figures 1a and 1b between polar angles of 40¡ and 150¡ (corresponding to the east limb) and 210¡ and 330¡ (corresponding to the west limb). We can track active regions on the map from the east limb to the west limb as the Sun rotates. The Ðlament channels are seen in the high latitudes of the equatorial belts as dark arc shapes. The median latitudinal emissions observed with both EIT (Figs.  2a and 2b) and SXT (Figs. 4a and 4b ) demonstrated the streamer belt and Ðlament channels with triply peaked morphology in the equatorial regions. Similar observations have been made by UVCS/SOHO on a quiescent streamer. They showed double-peaked emissions on both sides of the equator with O VI channel and singly peaked emission Vol. 538 around equator with the lya channel (Raymond et al. 1997 ; Raymond, & Van Ballegooijen 1999) . Va squez,
ELECTRON DENSITY MODELS
In this section we present a simple, phenomenological latitudinal and radial electron density model (model 1) found by comparing the observed EIT emission measures with the calculated EMs. In addition, three other models (Withbroe 1988 ; Pneuman 1966 ; Guhathakurta et al. 1999) are examined and compared with observed EIT emission measures taking full account of projection along the line of sight. The EM is deÐned as
where is the electron density as a function of height r n e (r, h) and latitude h. Here dl is an element of length along the line of sight.
Model 1.ÈWe assume that the PCHs have the shapes of divergent cones. The cone angle expansion rate (about 45¡ was determined from Figure 6 . We tried models of the
where is the electron density at the center of the n e(CH) (R _ ) PCH and is the electron density at the equator at n e(EQ) (R _ ) the base of corona, h is latitude, and a and b are constants.
The latitudinal and radial electron density is written as (3) which implies that the coronal plasma is isothermal and hydrostatic. However, the hydrostatic equilibrium will lead to constant density at large radial distance. We force an upper cuto † at 10 We take K for equa-R _ . T e \ 1.4 ] 106 torial regions from SXT measurements (see Table 1 ) and K for polar coronal holes from Doschek et T e \ 9.5 ] 105 al. (1997) . The ratio of EMs between equatorial regions and polar holes (see Fig. 3a ) can be used to estimate the electron densities at 1.0
We take (cm~3) R _ . n e(EQ) (R _ ) \ 2.8 ] 108 from SXT measurements (see log EM D 27.2 at 1.0 in R _ Table 1 ) and (cm~3) so that the caln e(CH) (R _ ) \ 1.55 ] 108 culated emission measures Ðt the observed EIT ones. The ratio of to is about a factor of 1.8. This n e(EQ) (R _ ) n e(CH) (R _ ) is consistent with measurements from density-sensitive line ratios (Doschek et al. 1997 ; Fludra et al. 1999) , which show that the average electron density in the equatorial regions is about 2 times higher than that of polar holes. We found the best Ðts to the EIT EM with a \ 3 and b \ 0.5 (Fig. 7,  model 1) . Smaller values of a are unable to Ðt the centrally peaked emission observed in the coronal holes. We speciÐ-cally cannot obtain a Ðt assuming a \ 0 (density independent of latitude). We compare the calculated emission measure from model 1 with the EIT EM at 1.0 in Figure  R equatorial holes during solar maximum and minimum, and a quiet coronal region) to provide constraints on an empirical radiative and conductive energy balance model. He suggested an empirical model, which included the electron density distribution for both polar holes and quiet regions at selected heights. We calculated latitudinal emission measures using the electron densities given in the empirical model (Withbroe 1988 , Table 2 ). The electron densities in equatorial regions were substituted with ones for "" quiet ÏÏ regions (from the Ðrst column in Table 2 of Withbroe 1988) . The electron densities in coronal holes were substituted with one for "" polar coronal hole ÏÏ during solar minimum (from column 4 in Table 2 of Withbroe 1988) . The advantage of WithbroeÏs model is that it is totally independent of the temperatures and it gives the complete density distribution of the whole corona. However, the model does not generate the observed centrally peaked emission in the polar holes (Fig. 7, model 2) . In addition, the density drops too fast from 1.0 to 1.03 compared with the obser-R _ vations. We conclude that the Withbroe (1988) 
where is the ratio of Ñow velocity at 2 (a reference V 0 /V R _ level) to that at r and h is latitude. We assumed V 0 /V \ 10 while r is at the surface of the Sun. For the equatorial electron density, we adopt the relation in equations (2) and (3) in model 1. To match the EIT EM ratio between equatorial and polar hole regions at 1.0 (see Fig. 3a , ratio^5.6 R _ at 1.0 we take
. This model indeed gives centrally peaked emissions at low altitude in the polar holes in agreement with the data. But the centrally peaked emissions quickly became centrally depressed at larger heights because of projection e †ects (see Fig. 7 model 3) . In this sense, the model does not Ðt the data.
Model 4.ÈA recent study of the polar hole electron density distribution was presented by Guhathakurta et al. (1999) based on pB measurements. We took her electron (5) where r is the radial distance measured in units of The R _ . advantage of this density model is that it is independent of polar hole temperatures. The electron density in the equatorial region is treated the same as in model 1, while in order to n e(EQ) (R _ ) \ 2 ] (1736.9 ] 19.95 ] 1.316) ] 105 satisfy the EIT emission measure proÐle at 1.0 Figure 7 , R _ . model 4 shows that equation (5) again fails to match the centrally peaked emission in the polar holes.
Among these four cases, model 1 yields the best Ðt to the data. It reproduces a realistic global coronal electron density distribution. To further test this density model (eqs.
[2] and [3]), we computed a median image of the Sun from EIT 195 images over the full 150 days (Fig. 9a) . The active A regions have been e †ectively removed on the disk by the median-Ðltering technique, leaving isophotes due only to the projection of the extended corona onto the disk of the Sun. The isophotes on the disk take a distinctive northsouth direction. The disk brightness is calculated following the integral of the electron density distribution found in model 1 along the line of sight, where c \ 1.7 / n e c(r, h)dl, (see discussion in Wang et al. 1997) . Isophotes computed from model 1 match the disk isophotes very well (Fig. 9b ) with no adjustment of parameters even though the parameters were determined completely without reference to observations of the disk. Therefore, we are conÐdent that equations (2) and (3) with a \ 3 and b \ 0.5 give a good description of the global coronal density structure at low altitudes.
DISCUSSION
T he implication of coronal electron density suggested by model 1.ÈIf the equatorial plasma were extremely thin and the polar plasma had uniform azimuthal distribution, the integral along the line of sight would generate centrally peaked emission in the polar holes. In reality, the equatorial plasma instead is denser than that in the polar holes. To Ðt the observed emission measures, the electron density has to vary with sina h in the polar holes and with cosb h in the equatorial regions. This suggests that coronal background has true density distribution described by model 1. During the Ðtting process, we found that a is sensitive to the coronal hole expansion rate at low altitude. We expect a large range of a through the 22 yr solar cycle, but cannot see any change in the limited period studied here.
W hat do models tell ?È(1) The similarity of EM proÐles between model 1 and model 4 (Fig. 7) suggests that the density variation with height predicted by hydrostatic equilibrium (model 1) does not have profound disagreement with the empirical electron density (model 4) resulting from white-light observations (Guhathakurta et al. 1999) . (2) The observed EIT emission measure proÐles decrease by a factor of 1.4 every 0.03 (Fig. 3a) , while the reduction is a R _ factor of 2.2 over 0.03 in the calculation (see models 1 R _ and 4 in Fig. 7) . It seems that the electron density drops with height more slowly than expected from hydrostatic equilibrium in both equatorial and polar holes. 3. Model 3 is interesting since it is physically based. However, the electron density in the polar hole drops too slowly with height compared with the one at the equatorial region.
Coronal hole temperatures.ÈFrom SXT measurements, we obtained K in the equatorial regions at T e \ 1.4 ] 106 the base of the corona (see Table 1 ). This temperature is the same as the minimum global temperature determined by SXT for 1992 August 26 (Acton & Lemen 1998) . The consistency between model 1 and the observed EIT emission measures suggests that the polar temperature is about 9.5 ] 105 K. In this way, we can indirectly obtain polar hole temperatures using latitudinal emission measure proÐles. This temperature is consistent with earlier results, which suggest that temperatures do not exceed about 106 K in holes (Doschek et al. 1997 ). Temperature observations with both EIT (Fig. 3b) and SXT (Table 1) show that the temperature increases with height from 1.0 to 1.15 R _ . Physical properties of coronal hole boundaries.ÈThe temperature variation with azimuth (see Fig. 3b ) shows the coronal hole boundaries as places where the temperature experiences a dramatic drop from equatorial (1.4 ] 106 K) to polar hole values (\106 K). The emission measures (see Fig. 3a ) are the lowest on the whole Sun at the coronal hole boundaries. The boundaries are not inÐnitely thin. They have thickness of about 10¡ (see Figs. 1a and 1b) . It is not clear why the boundaries have such low emissivities. Our hypothesis is that the boundaries are regions where the magnetic Ðeld lines are highly compressed to form strong magnetic Ðelds. They are probably the interfaces between slow and fast solar winds and between closed and open magnetic Ðelds. The fact that the boundaries are also visible in the EIT 304 wavelength channel indicates that the A coronal hole boundaries are formed below the corona, since the emissions in this channel are dominated by lines formed at the transition regions.
SUMMARY
Time series observations of the solar corona in the period 1996 JanuaryÈMay are combined to Ðlter out temporally variable structures caused by active regions and to isolate the static background corona.
1. The background coronal electron density varies smoothly with both height and latitude (see eqs.
[2] and [3]).
2. Coronal hole boundaries appear as dark bands at latitudes near^70¡ at 1.0
The boundaries are about 10¡ R _ . thick in images taken at EIT 171 (see Fig. 1a) . A 3. Polar coronal holes show centrally peaked emission. The intensity is about 10% higher at the centers of the polar holes than at the edges (at 1.0 R _ ). 4. Polar holes expand divergently at an average rate of 45¡ from height 1.0 to 1.32 (see Fig. 6 ). R _ 1 R _ 5. The coronal hole is Ðlled with polar plumes. They originate in the polar holes, do not cross the coronal hole boundary, and dominate coronal hole emission.
6. Polar rays are di †erent features than polar plumes. They are hotter than polar plumes and originate at high latitude outside the polar holes.
7. The background equatorial regions are not uniformly luminous. They are divided by Ðlament channels (see Figs.  4a and 4b) .
8. During solar minimum, the average temperature of the inner corona is about 1.4 ] 106 K in the equatorial regions and 9.5 ] 105 K in the polar coronal holes at 1.0 R _ . 9. The electron density is revealed by azimuthal emission measure proÐles from EIT and equatorial EM from SXT at 1.0 (cm~3) at equatorial regions and R _ : n e \ 2.8 ] 108 (cm~3) at polar holes. n e \ 1.55 ] 108
